Porcine deltacoronavirus (PDCoV) is an emerging global swine virus that has a propensity for interspecies transmission. It was identified in Hong Kong in 2012. Given that neither specific antiviral drugs nor vaccines are available for newly emerging porcine deltacoronavirus, searching for effective antiviral drugs is a high priority. In this study, lithium chloride (LiCl) and diammonium glycyrrhizinate (DG), which are host-acting antivirals (HAAs), were tested against PDCoV. We found that LiCl and DG inhibited PDCoV replication in LLC-PK1 cells in a dose-dependent manner. The antiviral effects of LiCl and DG occurred at the early stage of PDCoV replication, and DG also inhibited virus attachment to the cells. Moreover, both drugs inhibited PDCoV-induced apoptosis in LLC-PK1 cells. This study suggests LiCl and DG as new drugs for the treatment of PDCoV infection.
The PDCoV strain SD2018/10 from our lab was used in this study. The number of infectious PDCoV particles was determined on the basis of the 50% tissue culture infectious dose (TCID 50 ) in LLC-PK1 cells. Briefly, the cells were seeded into 96-cell plates and grown to 100% confluence for 24 h. Then, the cells were infected using 10-fold serial dilutions of virus samples. After incubation at 37 • C for 2 h, the cells were washed three times with PBS and incubated for 72 h. Titers are reported as TCID 50 calculated by the method of Reed and Muench.
Cytotoxicity Assay
The cytotoxicity of LiCl and DG was assessed in vitro using the Cell Counting Kit-8 (CCK8, APE×BIO, Houston, TX, USA) according to the manufacturer's instructions. LLC-PK1 cells were seeded into 96-cell plates and grown to 100% confluence for 24 h. After washing three times with PBS, the cells were treated with increasing concentrations of LiCl ranging from 0 to 100 mM or DG ranging from 50 to 5000 µg/mL. Mock-treated cells served as a control. After 36 h, the cells were washed with PBS and incubated with 90 µL DMEM and 10 µL of CCK-8 solution at 37 • C for 2 h. Absorbance was measured with a microplate reader (Tecan, M200 PRO, CH) at 450 nm. Cytotoxicity was expressed according to the following formula: Cytotoxicity(%) = (Abs sample) − (Abs blank) (Abs negative control) − (Abs blank) × 100
Antiviral Assay
To investigate the antiviral efficacy of LiCl and DG against PDCoV replication, cells were infected with PDCoV (MOI 0.05) at 37 • C for 1 h. Unbound viruses were removed by washing with cold PBS. The cells were then incubated with LiCl (60 mM) or DG (1250 µg/mL) at 37 • C for 24 h. As a control, another set of cells were infected with the same dose of PDCoV without drug treatment. Subsequently, the antiviral efficacy was evaluated by analysis of viral RNA (vRNA) levels and viral loads.
Analysis of the Effect of LiCl and DG on Viral Attachment
LLC-PK1 cells were seeded into 12-cell plates and grown to 100% confluence for 24 h. Non-toxic concentrations of LiCl (60 mM) or DG (1250 µg/mL) were mixed with the virus (MOI 0.05), and the mixtures were then added to the cells, followed by incubation for 1 h at 4 • C. As a control, the cells were infected with the same dose of PDCoV without drug treatment. After washing with cold PBS, the levels of vRNA in the cells were determined by real-time qPCR.
Analysis of the Viricidal Effect
PDCoV (MOI 0.05) was incubated for 2 h at room temperature or 37 • C in the absence or presence of LiCl (60 mM) or DG (1250 µg/mL) in a final volume of 1000 µL. After incubation, the infectious titer was determined by TCID 50 in LLC-PK1 cells.
Analysis of the Effect of LiCl and DG on Viral Entry
The cells were infected with PDCoV (MOI 0.05) at 4 • C for 1 h. Unbound viruses were removed by washing with cold PBS. The cells were then incubated with LiCl (60 mM) or DG (1250 µg/mL) at 37 • C for 2 h. As a control, another set of cells were infected with the same dose of PDCoV without drug treatment. After removing the unbound viruses by washing with cold PBS (pH 3.0), the levels of vRNA in cells were determined by real-time qPCR.
Real-Time qPCR
Total cellular RNA was extracted using the RNApure Tissue & Cell Kit (CWBIO, Nanjing, China). The primers for PDCoV M and β-actin genes were: PDCoV-F, 5 -ACAATCGACCACATGGCTCCAA-3 , PDCoV-R, 5 -CAGCTCTTGCCCATGTAGCTTCA-3 , β-actin-F, 5 -CTCCATCATGAAGTGCGACGT-3 , β-actin-R, 5 -GTGATCTCCTTCTGCATCCTGTC-3 [1] . The quantity of vRNA was determined using a LightCycler96 (Roche, Germany) and HiScript II One Step qRT-PCR SYBR Green Kit (Vazyme, Nanjing, China), according to the instructions of the manufacturer. The relative level of RNA expression was determined by the 2 −∆∆CT method. β-actin mRNA level was used as a loading control. The mean RNA level of the mock-treated group was set at 100%.
Indirect Immunofluorescence Assay (IFA)
After infection, the cells were fixed with cold polysorbate for 30 min at room temperature and permeabilized with 0.2% Triton X-100 in PBS for 10 min. After washing five times with PBS, cthe ells were incubated with rabbit anti-N antibody (1:500) at 4 • C for 12 h. The cells were then incubated with FITC-conjugated goat anti-rabbit IgG (1:100, KPL, Colton, CA, USA) at 37 • C for 30 min. After washing five times with PBS, the cells were incubated with DAPI (1:1000, diluted in PBS) at room temperature for 20 min. Fluorescence was observed under a Nikon ECLIPSE TS100 fluorescence microscope (Nikon, Tokyo, Japan).
Analysis of Cell Apoptosis
Apoptosis was investigated using the AnnexinV Alexa Fluor647/PI kit (FMSAV647-100) by flow cytometry. LLC-PK1 cells were detached using Accutase Cell Detachment Solution (FMS-AT 100) for 5 min and then centrifuged at 2000 rpm for 5 min. The cells were washed twice with PBS and re-suspended with 500 µL of binding buffer at a concentration of 10 6 cells/mL. Then, 5 µL of AF647-conjugated AnnexinV and 10 µL of PI were added to the cells, which was followed by incubation at room temperature for 15 min in the dark. Flow cytometry was carried out in a Becton Dickinson Accuri C6 FACSCalibur cytometer (BD Accuri C6 Plus, BD Medical Devices (Shanghai) Co., Ltd., Shanghai, China).
Statistical Analysis
The concentration of drugs that caused 80% cellular cytotoxicity is referred to as CC 80 . Experiments were performed in triplicate. Data are represented as the mean ± standard deviation (SD). Statistical differences were determined using a paired t-test and a one-way ANOVA using the Prism 8.0 software (GraphPad Software,). A p-value <0.05 was selected to indicate significance.
Results
LiCl and DG cytotoxicity in LLC-PK1 cells. The cellular cytotoxic effect of LiCl and DG in LLC-PK1 cells was determined using the CCK8 kit. The structure of DG is shown in Figure 1A . The maximum LiCl and DG concentrations that resulted in a cell viability higher than 80% were 60 mM and 1250 µg/mL, respectively ( Figure 1B ,C). No differences in cell morphology compared to the mock-treated cells were observed (data not shown) at concentrations of 60 mM LiCl and 1250 µg/mL DG; therefore, 10-60 mM LiCl and 125-1250 µg/mL DG were used in subsequent antiviral assays.
LiCl and DG inhibit PDCoV replication. Next, we investigated the effect of LiCl and DG on the replication of PDCoV in LLC-PK1 cells. PK-1 cells were infected with PDCoV at MOI 0.05 for 1 h and treated with 10-60 mM LiCl or 125-1250 µg/mL DG for 24 h. The relative mRNA expression was detected by real-time qPCR. Treatment with 10-60 mM LiCl or 125-1250 µg/mL DG inhibited viral mRNA levels significantly (Figures 2A and 3A) . Infectious virus loads in cell culture supernatants were determined by TCID 50 . We found that 10-60 mM LiCl or 125-1250 µg/mL DG significantly inhibited viral replication compared to mock-treated cells ( Figures 2B and 3B ). In IFA, the fluorescence intensity declined after treatment with 10-60 mM LiCl or 125-1250 µg/mL DG in a dose-dependent manner ( Figures 2C and 3C ). The fluorescence intensity was quantified, showing that the number of infected cells decreased in a drug dose-dependent manner ( Figures 2D and 3D ). These results indicate that LiCl and DG inhibit PDCoV replication in a dose-dependent manner. 
LiCl and DG cytotoxicity in LLC-PK1 cells. The cellular cytotoxic effect of LiCl and DG in LLC-PK1 cells was determined using the CCK8 kit. The structure of DG is shown in Figure 1A . The maximum LiCl and DG concentrations that resulted in a cell viability higher than 80% were 60 mM and 1250 μg/mL, respectively ( Figure 1B ,C). No differences in cell morphology compared to the mock-treated cells were observed (data not shown) at concentrations of 60 mM LiCl and 1250 μg/mL DG; therefore, 10-60 mM LiCl and 125-1250 μg/mL DG were used in subsequent antiviral assays. LiCl and DG inhibit PDCoV replication. Next, we investigated the effect of LiCl and DG on the replication of PDCoV in LLC-PK1 cells. PK-1 cells were infected with PDCoV at MOI 0.05 for 1 h and treated with 10-60 mM LiCl or 125-1250 μg/mL DG for 24 h. The relative mRNA expression was detected by real-time qPCR. Treatment with 10-60 mM LiCl or 125-1250 μg/mL DG inhibited viral mRNA levels significantly (Figures 2A and 3A) . Infectious virus loads in cell culture supernatants were determined by TCID50. We found that 10-60 mM LiCl or 125-1250 μg/mL DG significantly inhibited viral replication compared to mock-treated cells ( Figures 2B and 3B ). In IFA, the fluorescence intensity declined after treatment with 10-60 mM LiCl or 125-1250 μg/mL DG in a dosedependent manner ( Figures 2C and 3C ). DG but not LiCl inhibits virus attachment to cells. To further explore in which step of the viral life cycle the drugs work, viral attachment and entry assays were performed in LLC-PK1 cells. There were no significant differences between mock-treated cells and cells treated with 60 mM LiCl in viral attachment or entry based on the mean relative viral mRNA levels ( Figure 4A ). In the entry experiments, there were no significant differences between mock-treated cells and cells treated with 1250 µg/mL DG in the mean relative viral mRNA levels. In viral attachment assays, DG treatment led to a significant reduction of viral mRNA levels compared to mock-treated cells ( Figure 4B ).
LiCl and DG have no viricidal effect on PDCoV virions. To understand whether LiCl and DG have a direct (viricidal) effect on virions, we incubated PDCoV (MOI 0.05) with 60 mM LiCl or 1250 µg/mL DG for 2 h at room temperature or 37 • C before infection of LLC-PK1 cells. The infectious titer was determined by TCID 50 at 48 hours postinfection (hpi). We found that none of the drugs directly inhibited PDCoV infectivity ( Figure 5A,B) .
The antiviral effects of LiCl and DG occur at the early stage of PDCoV replication. To further illustrate the effect of LiCl and DG on PDCoV infection, we performed time of addition experiments ( Figure 6A ). Therefore, LiCl or DG was added to infected LLC-PK1 cells at different times. In the '0 hpi' experiment, drugs and virus were added together to LLC-PK1 cells for 1 h. The cells were then washed, and the incubation was continued in the presence of the drugs. In the other experiments, LLC-PK1 cells were infected with PDCoV for 1 h, the cells were then washed, and the drugs were added at 1, 3, 6, 9, 12, 16, and 20 hpi. In all experiments, the cells were infected with PDCoV [ multiplicity of infection (MOI) = 0.05], and 60 mM LiCl or 1250 µg/mL DG was added. The viral contents were significantly reduced in cells treated with LiCl at 0 to 16 h, but no significant reduction was detected after 16 h ( Figure 6B ). For DG, the latest effective time point of drug treatment was 12 hpi ( Figure 6C ). Therefore, we can conclude that the antiviral effects of LiCl and DG occur at the early stages of PDCoV replication. DG but not LiCl inhibits virus attachment to cells. To further explore in which step of the viral life cycle the drugs work, viral attachment and entry assays were performed in LLC-PK1 cells. There were no significant differences between mock-treated cells and cells treated with 60 mM LiCl in viral attachment or entry based on the mean relative viral mRNA levels ( Figure 4A ). In the entry experiments, there were no significant differences between mock-treated cells and cells treated with 1250 μg/mL DG in the mean relative viral mRNA levels. In viral attachment assays, DG treatment led to a significant reduction of viral mRNA levels compared to mock-treated cells ( Figure 4B ). DG but not LiCl inhibits virus attachment to cells. To further explore in which step of the viral life cycle the drugs work, viral attachment and entry assays were performed in LLC-PK1 cells. There were no significant differences between mock-treated cells and cells treated with 60 mM LiCl in viral attachment or entry based on the mean relative viral mRNA levels ( Figure 4A ). In the entry experiments, there were no significant differences between mock-treated cells and cells treated with 1250 μg/mL DG in the mean relative viral mRNA levels. In viral attachment assays, DG treatment led to a significant reduction of viral mRNA levels compared to mock-treated cells ( Figure 4B ). LiCl and DG have no viricidal effect on PDCoV virions. To understand whether LiCl and DG have a direct (viricidal) effect on virions, we incubated PDCoV (MOI 0.05) with 60 mM LiCl or 1250 μg/mL DG for 2 h at room temperature or 37 °C before infection of LLC-PK1 cells. The infectious titer was determined by TCID50 at 48 hours postinfection (hpi). We found that none of the drugs directly inhibited PDCoV infectivity ( Figure 5A,B) . Figure 6A ). Therefore, LiCl or DG was added to infected LLC-PK1 cells at different times. In the '0 hpi' experiment, drugs and virus were added together to LLC-PK1 cells for 1 h. The cells were then washed, and the incubation was continued in the presence of the drugs. In the other experiments, LLC-PK1 cells were infected with PDCoV for 1 h, the cells were then washed, and the drugs were added at 1, 3, 6, 9, 12, 16, and 20 hpi. In all experiments, the cells were infected with PDCoV [ multiplicity of infection (MOI) = 0.05], and 60 mM LiCl or 1250 μg/mL DG was added. The viral contents were significantly reduced in cells treated with LiCl at 0 to 16 h, but no significant reduction was detected after 16 h ( Figure 6B ). For DG, the latest effective time point of drug treatment was 12 hpi ( Figure 6C ). Therefore, we can conclude that the antiviral effects of LiCl and DG occur at the early stages of PDCoV replication.
LiCl and DG inhibit LLC-PK1 apoptosis caused by PDCoV infection. The AnnexinV Alexa Fluor647/PI kit was used to detect cell apoptosis. We found that PDCoV could cause apoptosis within 36 hpi. The percentages of apoptotic cells infected by mock-treated, LiCl-treated viruses, and DGtreated viruses were 30.1%, 2.3%, 3.3%, respectively (Figure 7) . Additionally, both drugs presented the same apoptosis-inhibition trend. Therefore, it can be concluded that LiCl and DG can inhibit PK1 cell apoptosis caused by PDCoV infection.
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Discussion
PDCoV infection can cause vomiting and watery diarrhea in piglets and seriously damage the growth of the pig industry. Until now, there are no records of clinically effective agents for the treatment of PDCoV infection, and no compound has shown antiviral activity [35] . Therefore, there is an urgent need to develop a good approach for preventing PDCoV infection. Because neither specific antiviral drugs nor vaccines are available for newly emerging viruses and it is not possible to develop small-molecule drugs and vaccines that act on PDCoV in a short period of time, the novel use of traditional drugs has long been considered to be an important means of finding new therapies targeting new infectious diseases [36] . It has been reported that LiCl and DG, which are often deemed broad-spectrum antiviral reagents, have antiviral properties against coronaviruses such as SARS-CoV, IBV, and PEDV. However, it remains unknown whether LiCl or DG has an inhibitory effect on PDCoV infection.
In this study, we used real-time qPCR, TCID 50 , and IFA to analyze PDCoV infection. Real-time qPCR was used to analyze the level of PDCoV mRNA expression during PDCoV replication. The infectious titer was determined by TCID 50 , and the fluorescence signals detected by IFA were representative of the level of PDCoV protein expression. We found that LiCl and DG inhibited the replication of PDCoV in LLC-PK1 cells in a dose-dependent manner. By performing time-of-addition experiments, we aimed to identify the stage of the viral replication cycle targeted by the drugs. We found that both drugs can reduce viral RNA in cell lysates at the early stages of PDCoV replication.
The viral replication cycle includes attachment, entry, transcription, replication, gene expression, assembly, maturation, and release. We found that DG can inhibit the attachment of the virus to the cell surface, which is consistent with the results of a recent report showing that glycyrrhizin achieved a dose-dependent inhibition of the replication of HIV-1 in MOLT-4 cells, and could interfere with virus-cell binding [37] . However, the specific mechanism needs further investigation. Future experiments will determine if DG can be used not only as a treatment but also for preventing PDCoV infection. Because DG has a good water solubility, it can be used as aerosol disinfectant in piggeries to prevent the outbreak of porcine epidemic diarrhea. According to the antiviral effect, the antiviral activity of LiCl is better than that of DG, and the toxicity of DG is less than that of LiCl. We investigated the effect of LiCl combined with DG on the replication of PDCoV in LLC-PK1 cells. There were no significant differences between LiCl-treated cells and cells treated with LiCl and DG in the mean relative viral mRNA levels, indicating that there is no synergy in the inhibition of viral replication when both drugs are used in combination (data not shown).
We also found that LiCl and DG could inhibit LLC-PK1 cell apoptosis caused by PDCoV infection similarly to the results of a previous report [28] . Apoptosis is considered a host innate defense mechanism to eliminate virus-infected cells. However, some viruses use and trigger apoptosis to facilitate the release of viral progeny for further dissemination. This can be fundamental for viral pathogenesis and disease development to promote cell death and tissue injury. Previous studies showed that PDCoV induces caspase-dependent apoptosis through the activation of the cytochrome c-mediated intrinsic mitochondrial pathway [38] . Whether LiCl and DG inhibit PDCoV-induced apoptosis through suppression of the cytochrome c-mediated intrinsic mitochondrial pathway needs to be further studied.
In conclusion, our results indicate that LiCl and DG have potential as effective anti-PDCoV drugs. During an outbreak of porcine epidemic diarrhea, LiCl and DG could be added to drinking water at the appropriate dose or be given as an intramuscular drug for treatment at the early onset of an epidemic. Further studies are required to explore their antiviral effect against other CoVs and their mechanism of action to control PDCoV infection in vivo.
